Transforming Growth Factor (TGF)-β is markedly induced and rapidly activated in the infarcted myocardium. However, understanding of the exact role of TGF-β signaling in the infarcted and remodeling heart has been hampered by the complex and unusual biology of TGF-β activation and by the diversity of its effects eliciting multiple, and often opposing cellular responses. Experimental studies suggest that TGF-β signaling may be crucial for repression of inflammatory gene synthesis in healing infarcts mediating resolution of the inflammatory infiltrate. In addition, TGF-β may play an important role in modulating fibroblast phenotype and gene expression, promoting extracellular matrix deposition in the infarct by upregulating collagen and fibronectin synthesis and by decreasing matrix degradation through induction of protease inhibitors. TGF-β is also a key mediator in the pathogenesis of hypertrophic and dilative ventricular remodeling by stimulating cardiomyocyte growth and by inducing interstitial fibrosis. In this review we summarize the current knowledge on the role of TGF-β in infarct healing and cardiac remodeling.
Introduction
Members of the TGF-β family are markedly induced in the infarcted myocardium and through their potent effects are capable of playing a central role in infarct healing, cardiac repair and left ventricular remodeling. However, understanding of the exact role of TGF-β in cardiac injury has been hampered by the complex and unusual biology of TGF-β activation and by the amazing diversity of its effects eliciting multiple, and often opposing cellular responses. Our review summarizes current knowledge on the expression, activation and functional role of TGF-β in the infarcted and remodeling myocardium. Evidence suggests that TGF-β is a central mediator involved in the inflammatory and fibrotic phase of healing and may critically modulate many cellular steps in post-infarction cardiac repair. In addition, TGF-β plays a key role in hypertrophic and fibrotic remodeling of the heart mediating cardiomyocyte growth, fibroblast activation and extracellular matrix deposition.
Three structurally similar isoforms of TGF-β (TGF-β1, β2 and β3), encoded by three distinct genes, have been identified in mammalian species [1] . These three isoforms signal through the same cell surface receptors and have similar cellular targets, although each isoform is expressed in a distinct pattern under control of a unique promoter [2] . TGF-β1 is the prevalent isoform and is found almost ubiquitously, whereas the other isoforms are expressed in a more limited spectrum of cells and tissues. Although the three isoforms have similar in vitro properties their in vivo effects are distinct. Knockout experiments in mice have suggested that each TGF-β isoform plays an independent role in embryonic development underlining their noncompensated functions.
TGF-β is produced by many cell types as a large latent complex, unable to associate with its receptors. The extracellular concentration of TGF-β activity is primarily regulated by conversion of latent TGF-β to active TGF-β. Most tissues contain significant amounts of latent TGF-β; activation of only a small fraction of this latent TGF-β generates maximal cellular response [3] .
A variety of molecules have been described as TGF-β activators. Proteases including plasmin, Matrix metalloproteinase (MMP)-2 and MMP-9 are capable of activating TGF-β, coupling matrix degradation with activation of a molecule that has a primary role in maintaining matrix integrity and stability [5] . Thrombospondin (TSP)-1 is a key TGF-β activator which acts by disrupting the non-covalent interactions between the Latency-associated Peptide (LAP) and the TGF-β molecule [6] . Reactive oxygen species generation and a mildly acidic environment are also capable of inducing TGF-β activation.
The members of the TGF-β superfamily transduce their signal from the membrane to the nucleus through distinct combinations of transmembrane type I and type II serine/ threonine receptors and their downstream effectors, the Smad proteins [1, 8] . Active TGF-β binds to the constitutively active type II receptor (TβRII) at the cell surface. The complex subsequently interacts with, and transphosphorylates the cytoplasmic domain of the type I receptor (TβRI), also known as ALK5 [9] . Apart from the well-characterized ALK5, which is expressed by many different cell types, endothelial cells express a second type I TGF-β receptor, termed ALK1 [10] . Phosphorylation of the TβRI activates the type I receptor kinase domain, which then propagates downstream intracellular signals, through the Smad proteins, essential components in the signaling pathway of TGF-β [11] (Fig. 1) . Besides Smad-mediated transcription, TGF-β activates other signaling cascades, including extracellular signal-regulated kinase (Erk), c-Jun-N-terminal kinase (JNK), TGF-β-activated kinase 1 (TAK1), Abelson nonreceptor tyrosine kinase (c-Abl) and p38 mitogen-activated protein kinase (MAPK) pathways [12] (Fig. 1 ).
TGF-βs: Pleiotropic mediators with potent and diverse effects on cellular behavior
The TGF-βs are some of the most pleiotropic and multifunctional peptides known. They have potent and direct effects on many different cell types and are involved in a wide variety of biological processes such as embryonic development, cell growth and differentiation, cell proliferation and apoptosis, fibrous tissue deposition and regulation of the immune response. The cellular actions of TGF-β are not only dependent on the cell type but also on its state of differentiation and on the cytokine milieu [2] . Mice with genetic disruptions of the TGF-β genes have been generated and revealed the role of TGF-β isoforms in embryogenesis and immune regulation. Approximately 50% of TGF-β1 null mice die in utero due to defective yolk sac vasculogenesis and hematopoiesis [13] . The Fig. 1 . Smad-dependent and Smad-independent pathways in TGF-β signaling. TGF-β binds a complex of transmembrane receptor serine/threonine kinases (types I and II) inducing transphosphorylation of the GS segments in the type I receptor by the type II receptor kinases. The activated type I receptors phosphorylate selected Smads. Receptor-activated Smads (R-Smads) form a complex with the common Smad4. Subsequently the Smad complexes translocate into the nucleus, where they regulate transcription of target genes. The structurally divergent inhibitory Smads (Smad6 and Smad7), negatively regulate TGF-β signaling. In addition, TGF-β signals through Smad-independent cascades (green) activating Erk, JNK, p38MAPK, Protein Phosphatase 2A (PP2A) and RhoA pathways.
remaining mice develop to term and show no gross developmental abnormalities, but about 2-4 weeks after birth they succumb to a wasting syndrome associated with multifocal inflammation and massive lymphocyte and macrophage infiltration in many organs, but primarily in the heart and lungs [14] . The phenotype of TGF-β1 null mice suggests a prominent role for TGF-β1 in homeostatic regulation of immune cell proliferation and extravasation into the tissues [14] . In contrast to TGF-β1 −/− animals, TGF-β2 knockout mice exhibit perinatal mortality and a wide range of developmental defects. The developmental processes most commonly involved include epithelial-mesenchymal interactions, cell growth, and extracellular matrix production resulting in cardiac, pulmonary, craniofacial, spinal, ocular, inner ear, and urogenital defects [15] . TGF-β3 deficient animals also exhibit defective epithelial-mesenchymal interactions resulting in cleft palate and abnormal lung development [16] . The distinct phenotypes of the TGF-β knockout animals indicate numerous non-compensated functions of the three TGF-β isoforms.
TGF-β is expressed at high levels in the heart both during embryonic development and adult life [17] . In adult mouse hearts TGF-β is localized in both the cardiomyocytes and the extracellular matrix [17] . In embryonic development TGF-β has been implicated in cardiac valve morphogenesis [18] . TGF-β2 null mice exhibit multiple cardiac developmental abnormalities with varying penetrance, including double outlet right ventricle, atrial and ventricular septal defects and occasional thickened semilunar valves reflecting disturbances of looping, myocardialization and endocardial cushion differentiation [19] . Although the role of endogenous TGF-β expression in the normal adult heart remains unknown, it has been suggested that it may sustain the spontaneous beating rate of cardiomyocytes [20] . In addition, storage of latent TGF-β, which can be activated following injury may play an important role in tissue repair by promoting new synthesis and deposition of extracellular matrix.
The role of the inflammatory response in infarct healing
Myocardial infarction triggers an inflammatory response that ultimately results in healing and formation of a scar [21, 22] . The cardiac repair process can be divided into three overlapping phases: the inflammatory phase, the proliferative phase and the maturation phase. During the inflammatory phase, cardiomyocyte death and hypoxia result in free radical generation, initiation of the complement cascade, and activation of Nuclear Factor (NF)-κB and Toll Like Receptor (TLR)-mediated signaling pathways. These events induce chemokine and cytokine synthesis and upregulate adhesion molecule expression in endothelial cells and leukocytes, resulting in infiltration of monocytes, lymphocytes and polymorphonuclear cells into the infarcted area. Neutrophils and macrophages clear the wound from dead cells and matrix debris. During the proliferative phase of healing, expression of inflammatory mediators is suppressed, while fibroblasts and endothelial cells infiltrate the wound. Although the mechanisms responsible for resolution of inflammation are poorly understood, timely repression of inflammatory mediator synthesis is important for the transition to fibrous tissue deposition. As most inflammatory cells undergo apoptotic death, activated myofibroblasts produce extracellular matrix proteins and an extensive microvascular network evolves. Maturation of the scar follows: fibroblasts and vascular cells undergo apoptosis and a scar containing crosslinked collagen bundles is formed. The cellular and molecular events associated with infarct healing directly influence left ventricular remodeling and affect prognosis in patients with myocardial infarction.
TGF-β may be a key mediator in regulating many of the events associated with infarct healing. TGF-β may play an important role in monocyte recruitment in the healing infarct, promoting granulation tissue formation. Activation of TGF-β signaling pathways may be important in suppressing expression of pro-inflammatory cytokines and chemokines in the infarcted myocardium resulting in resolution of the inflammatory infiltrate. Furthermore, TGF-β may critically regulate fibrous tissue deposition by mediating acquisition of the myofibroblastic phenotype, by inducing extracellular matrix protein synthesis, and by promoting matrix preservation through increased expression of Tissue Inhibitors of Metalloproteinases (TIMP). In order to better understand the role of TGF-β-mediated actions in infarct healing, we will briefly discuss the effects of TGF-β stimulation on the main cell types involved in cardiac repair.
The effects of TGF-β on inflammatory and immune cells
Femtomolar concentrations of TGF-β1 elicit a direct chemotactic response from neutrophils [23] and monocytes [26] ; this effect may be important for the movement of infiltrating leukocytes in inflamed tissues. Conversely, the actions of TGF-β1 on the endothelium result in decreased leukocyte adhesion and inhibition of neutrophil migration across the endothelial layer, in part through the decreased surface expression of E-selectin [24] . The effects of TGF-β on lymphocytes, monocytes and macrophages can be either stimulatory or inhibitory, depending on the cytokine milieu, the state of differentiation and the tissue origin of the cells [25] , highlighting the pleiotropic nature of the cytokine. Picomolar concentrations of TGF-β activate monocytes, stimulating synthesis of a variety of cytokines (such as Interleukin-1β and Tumor Necrosis Factor-α), chemokines (such as Monocyte Chemoattractant Protein-1), and growth factors (including basic Fibroblast Growth Factor and Platelet-Derived Growth Factor-BB) [2, 26] and increasing integrin expression. In contrast to the activating effects of TGF-β on peripheral blood monocytes, its actions on mature macrophages are predominantly suppressive. TGF-β has a deactivating effect on macrophages, suppressing pro-inflammatory cytokine and chemokine synthesis [27, 28] and decreasing reactive oxygen generation. The phenotype of the TGF-β1 null mouse suggests that the anti-inflammatory actions of the molecule on endothelial cells and macrophages are critical for suppression of the inflammatory response and for regulation of tissue homeostasis (Fig. 2 ).
TGF-β modulates fibroblast phenotype and promotes fibrosis
TGF-β plays a key role in the development of tissue fibrosis [29] . TGF-β stimulation induces conversion of fibroblasts to myofibroblasts [30] and enhances extracellular matrix protein synthesis. In addition, TGF-β suppresses the activity of proteases that degrade extracellular matrix by inhibiting MMP expression and by inducing synthesis of protease inhibitors, such as Plasminogen Activator Inhibitor (PAI)-1 and TIMPs [1] . Activation of the Smad3 signaling pathway appears to be important in mediating TGF-β-induced extracellular matrix protein synthesis and TIMP upregulation [31] . In addition, recent evidence suggests that at least some of the pro-fibrotic effects of TGF-β may be in part mediated through Connective Tissue Growth Factor (CTGF) upregulation [32] .
Effects of TGF-β on the angiogenic potential of endothelial cells
The effects of TGF-β on endothelial cells are complex and context-dependent being either stimulatory or inhibitory, depending on differentiation of the cells and on the presence of environmental cues [33] . TGF-β is involved in the development of the vascular system by modulating the function of both endothelial cells and pericytes [33] . The phenotype of gene knockouts of TGF-β, the TGF-β receptors and many of its downstream signaling proteins suggests an essential role for TGF-β signaling in vascular development. TGF-β has been described as being either angiogenic or angiostatic in vivo, depending on the nature of the assay used [33] . In addition, the in vitro effects of TGF-β on endothelial cell proliferation, migration and expression of proteases are dependent on the source of endothelial cells and the dose of TGF-β used to stimulate them. Recent investigations have suggested that TGF-β regulates the activation state of the endothelium via a fine balance between distinct signaling pathways involving the two TβRI receptors, ALK1 and ALK5. ALK1 activation stimulates endothelial cell proliferation and migration via Smad1/5 transcription factors, Fig. 2 . The diverse, multifunctional, and pleiotropic effects of TGF-β on cell types involved in infarct healing. During the pro-inflammatory phase of healing TGF-β may induce mononuclear cell chemotaxis and modulate lymphocyte phenotype. The effects of TGF-β on mature macrophages are predominantly suppressive, inhibiting pro-inflammatory cytokine and chemokine synthesis and decreasing reactive oxygen generation. These actions may be important in regulating resolution of the post-infarction inflammatory response. TGF-β also induces acquisition of the myofibroblastic phenotype and promotes extracellular matrix deposition by increasing collagen and fibronectin synthesis, and by inhibiting matrix degradation through TIMP upregulation. Spared cardiomyocytes respond to TGF-β by undergoing hypertrophy. The effects of TGF-β on endothelial cells are complex and context-dependent; their importance in regulating infarct angiogenesis is unknown. TGF-β mediated effects on fibrous tissue deposition and cardiac hypertrophy may be important in the pathogenesis of left ventricular remodeling. whereas ALK5 inhibits EC proliferation and migration through Smad2/3-mediated interactions [37] . Endoglin, an accessory transmembrane receptor for TGF-β plays a pivotal role in modulating the balance between ALK1 and ALK5 signaling to regulate endothelial cell proliferation [38] .
Expression and activation of TGF-β in myocardial infarcts
TGF-β is markedly upregulated in experimental models of myocardial infarction. TGF-β isoforms demonstrate distinct patterns of expression in the infarct: TGF-β1 and β2 are induced early, whereas TGF-β3 shows delayed and prolonged upregulation [39, 40] . TGF-β expression in the infarcted heart is attenuated by angiotensin-converting enzyme inhibitors and angiotensin receptor blockers [41, 42] suggesting that angiotensin II signaling plays an important role in stimulating TGF-β synthesis [43] . Extravasated platelets may be the main source of latent TGF-β in the early stages of infarct healing, whereas macrophages and fibroblasts may be responsible for the sustained upregulation of TGF-β during the proliferative phase of healing. TGF-β expression is predominantly localized in the infarct border zone [44] . Increased expression of the downstream effectors of TGF-β signaling is noted in the healing infarct. Smad2, 3, and 4 protein expressions are significantly upregulated in the scar and border zone area [45] . In contrast, expression of the inhibitory Smad7 is decreased in myocardial scars; this may contribute to cardiac fibrosis in the remodeling myocardium [46] . Although evidence suggests that bioactive TGF-β is released in the cardiac extracellular fluids 3-5 h following reperfused infarction [47] , the mechanisms responsible for TGF-β activation in the infarcted heart are poorly understood. Our recent experiments suggested that TSP-1 induction in the infarct border zone may play an important role in activation of TGF-β signaling pathways in mouse and canine infarcts [48] .
Effects of exogenous TGF-β on the ischemic heart
Lefer and colleagues first suggested a protective effect of exogenous TGF-β in the ischemic heart, demonstrating that TGF-β injection reduced ischemic myocardial injury presumably by attenuating the deleterious effects of proinflammatory cytokines such as TNF-α [49] . Intravenous administration of TGF-β1 prior to reperfusion attenuated myocardial necrosis and endothelial dysfunction and decreased neutrophil adherence to the ischemic coronary endothelium in a feline model of myocardial ischemia and reperfusion [50, 49] . Baxter and co-workers suggested that the protective effects of exogenous TGF-β1 on the ischemic myocardium may be mediated through attenuation of cardiomyocyte apoptosis [51] . Recent investigations have focused on the effects of exogenous TGF-β in myocardial regeneration following infarction. Both TGF-β and Bone Morphogenetic Protein (BMP)-2 increase the expression of cardiac transcription factors in embryonic stem cells directing them to differentiate into cardiomyocytes [52] . Implantation of TGF-β pre-programmed CD117+ stem cells into the infarcted myocardium results in myocardial regeneration and induces angiogenesis; these effects are not noted when untreated stem cells are implanted [53] . Although these studies provide insight into the potential actions of TGF-β in myocardial ischemia, the effects of exogenous TGF-β administration on the ischemic heart are likely to be complex and dependent on the dose, species, timing and route of administration.
6. The role of endogenous TGF-β in regulating infarct healing 6.1. The role of TGF-β in the post-infarction inflammatory response Due to its pleiotropic and multifunctional effects, TGF-β may play an important and complex role in regulating the post-infarction inflammatory response. Although TGF-β1, -β2 and -β2 exhibit distinct patterns of expression in healing infarcts, the specific role of these isoforms in cardiac repair remains unknown. Unfortunately, as described previously, mice with mutations for genes involved in the TGF-β signaling cascade exhibit developmental defects and diffuse inflammation preventing their use as tools to dissect the role of TGF-β in infarct healing. Thus, information on the in vivo actions of TGF-β in healing infarcts is predominantly derived from studies using TGF-β inhibition strategies.
Although TGF-β is a potent mononuclear cell chemoattractant, its role in regulating monocyte chemotaxis in the infarct remains unknown. In the post-ischemic canine cardiac lymph TGF-β appears to be an important factor mediating monocyte recruitment during the first 5 h of reperfusion [47] . Complement activation, free radical generation and monocyte chemoattractant chemokines also play a crucial role in recruiting mononuclear cells in the infarcted myocardium [47, 54] . TGF-β critically regulates cytokine and chemokine expression by monocytes, macrophages and endothelial cells. Its effects on macrophages are primarily deactivating, suppressing chemokine and proinflammatory cytokine synthesis. In addition, TGF-β inhibits chemokine synthesis by cytokine-stimulated endothelial cells [55] . Inhibition of TGF-β signaling through gene transfection with the extracellular domain of TGF-β type II receptor (TβRII) into the limb skeletal muscles resulted in increased mortality, enhanced neutrophil infiltration and increased pro-inflammatory cytokine and chemokine gene expression when applied early (within 24 h) following coronary occlusion [56] . These findings suggest an important role for TGF-β signaling in resolution of inflammation and repression of cytokine and chemokine gene synthesis. In addition, mice with disruption of TSP-1, a critical activator of TGF-β, exhibit enhanced and prolonged inflammation following myocardial infarction associated with impaired Smad2 phosphorylation [48] . TSP-1 null mice show extension of the inflammatory reaction into the non-infarcted area, suggesting that localized induction of TSP-1 in the infarct border zone may serve as a barrier limiting expansion of inflammation into the non-infarcted area by locally activating TGF-β. In the absence of TSP-1, expansion of the inflammatory infiltrate leads to enhanced adverse remodeling [48] . Although the experiments on TSP-1 −/− mice support the role of TGF-β in suppression and containment of the inflammatory response, TSP-1 also has non-TGF-β mediated actions that may be important in regulation of the post-infarction inflammatory response.
The role of TGF-β in fibrous tissue deposition in the healing infarct
TGF-β promotes matrix deposition by inducing extracellular matrix protein expression by fibroblasts and by inhibiting matrix degradation through upregulation of TIMPs and PAI-1. In addition, TGF-β is critically involved in phenotypic modulation of fibroblasts into myofibroblasts. In vitro experiments have demonstrated potent and consistent effects of TGF-β on cardiac fibroblasts. TGF-β markedly enhances collagen types I and III synthesis [57] , decreases collagenase expression, increases TIMP-1 synthesis [58] , upregulates integrin expression and induces acquisition of the myofibroblastic phenotype in isolated cardiac fibroblasts [59] .
In the healing infarct activated myofibroblasts are the main source of collagen [60] , and participate in extracellular matrix remodeling through MMP synthesis and release. Two independent studies inhibiting TGF-β by using gene transfer of the extracellular domain of the TβRII receptor suggested an important role for TGF-β in fibrous tissue deposition following myocardial infarction [56, 61] . In both studies TGF-β inhibition after the inflammatory phase of infarct healing resulted in decreased fibrous tissue deposition in the infarcted area. Although anti-TGF-β treatment markedly decreased collagen deposition in the infarct, it also altered the qualitative characteristics of the wound, increasing the cellular content and the density of myofibroblasts [61] . The mechanisms responsible for these effects remain unknown.
The role of TGF-β in cardiac remodeling
The term "ventricular remodeling" describes the alterations in size, shape and function of the left ventricle in response to changes in hemodynamic loading conditions, neurohormonal activation, or induction of local mediators that alter the structural characteristics of the myocardium. Remodeling is a dynamic and complex process resulting from activation of cellular and molecular pathways involving the cardiomyocytes, fibroblasts and extracellular matrix. Cardiac remodeling can be physiologic (described in elite athletes) or pathologic. Pathologic remodeling occurs in three major patterns: a) concentric remodeling when pressure overload causes growth in cardiomyocyte thickness, b) eccentric remodeling resulting from a volume load that produces cardiomyocyte lengthening and c) post-infarction remodeling, which involves a combined pressure and volume load on the non-infarcted area as well as interactions with the cellular and matrix components of the cardiac scar [62, 63] . TGF-β may be a crucial regulator of cardiac remodeling through its direct and potent actions in cardiomyocyte hypertrophy and cardiac extracellular matrix metabolism.
The link between TGF-β and the renin-angiotensin system
Numerous studies have established the importance of the renin-angiotensin system (RAS) in cardiac remodeling and clinical trials documented the beneficial effects of angiotensin II inhibition in patients with myocardial infarction and heart failure [64] . The RAS is markedly activated in response to hemodynamic overload and local generation of angiotensin II directly induces cellular responses in both cardiomyocytes and interstitial cells [65] . Angiotensin II exerts growth promoting effects on cardiomyocytes [66] and stimulates fibroblast proliferation and expression of extracellular matrix proteins [65] , through interactions involving the Angiotensin Type 1 (AT1) receptor. Extensive evidence suggests a direct functional association between the RAS system and the TGF-β pathway, indicating that TGF-β1 acts downstream of Angiotensin II [65] . Angiotensin II stimulation induces TGF-β1 mRNA and protein expression by cardiomyocytes and cardiac fibroblasts [67, 68] . In addition, angiotensin II enhances expression of endoglin in cardiac fibroblasts increasing their responsiveness to the fibrogenic actions of TGF-β [69] . Treatment with Angiotensin Converting Enzyme inhibitors or AT1 receptor blockers markedly decreased TGF-β1 levels in hypertrophied [70] and infarcted hearts [42, 41] suggesting that TGF-β induction in the remodeling myocardium is at least in part mediated through angiotensin II signaling. In addition, there is direct proof that TGF-β1 plays a critical role in mediating the hypertrophic response due to angiotensin II [71] .
7.2. TGF-β signaling and post-infarction ventricular remodeling (Fig. 3) In the infarcted heart left ventricular remodeling begins within hours after the infarct and continues to progress over weeks or months [63] . Reparation of the necrotic area and formation of a scar is associated with profound changes in ventricular architecture and geometry of the ventricle leading to increased circumference and sphericity, and significantly increased left ventricular volume (Fig. 3) . Post-infarction remodeling is linked to heart failure progression and is associated with poor prognosis following myocardial infarction. Ventricular dilation following myocardial infarction is an important predictor of mortality [72] and adverse cardiac events [73] , including the development of heart failure and ventricular arrhythmias. Although the pathways involved in remodeling remain poorly understood, it is clear that the pathologic and structural changes associated with infarct healing directly influence remodeling and affect prognosis in patients with myocardial infarction.
Because of its important role in regulating fibrous tissue deposition, composition of the extracellular matrix, and cardiac hypertrophy, TGF-β appears to be a crucial mediator in the pathogenesis of post-infarction remodeling. TGF-β inhibition during the proliferative phase of healing resulted in attenuated left ventricular remodeling decreasing cardiomyocyte hypertrophy and reducing interstitial fibrosis in the non-infarcted ventricle [56] . Anti-TGF-β therapy also had a significant effect on the geometry of the infarct, shortening and thickening the infarcted segment without affecting the absolute size of the infarct [61] .
TGF-β1 induces cardiomyocyte hypertrophy through activation of TAK1, a member of the mitogen-activated protein kinase kinase kinase (MAPKKK) family [74] . The TGF-β1/TAK1-p38MAPK pathway is activated in spared cardiomyocytes following myocardial infarction and may play an important role in the development of hypertrophy in the remodeling myocardium [74] . In addition, TGF-β may critically modulate the composition and spatial localization of the extracellular matrix network in the infarcted heart. Activation of TGF-β signaling appears to be predominantly localized in the infarct border zone and may enhance extracellular matrix protein expression by local fibroblasts. Furthermore TGF-β enhances fibroblast TIMP synthesis promoting matrix deposition in the viable myocardium of the border zone. Enhanced deposition of matrix in the noninfarcted myocardium may induce dysfunction resulting in dilative remodeling of the infarcted ventricle.
TGF-β and hypertrophic remodeling
Cardiac hypertrophy due to hemodynamic overload is associated with increased deposition of extracellular matrix, proliferation of cardiac fibroblasts and hypertrophic growth of cardiac myocytes. Several lines of evidence suggest an important role for TGF-β in regulating hypertrophic cardiac remodeling [75] . First, in vitro experiments demonstrated that TGF-β1 stimulation alters the program of differentiated gene expression in isolated cardiac myocytes promoting synthesis of fetal contractile proteins, characteristic of pressure-overload hypertrophy [76] . Second, TGF-β1 is markedly induced in the hypertrophied myocardium [77] and its expression correlates with fibrosis in the pressure-overloaded human heart [65] . Third, overexpression of TGF-β in transgenic mice results in cardiac hypertrophy which is characterized by both interstitial fibrosis and hypertrophic growth of cardiac myocytes [78] . Finally, there is direct evidence that TGF-β1 plays a critical role in angiotensin II-mediated cardiac hypertrophy. Schultz and co-workers demonstrated that TGF-β1 −/− mice bred in an immune compromised Rag1 deficient background (in order to overcome the lethal phenotype of TGF-β1 null animals, which develop diffuse multiorgan inflammatory lesions) were Fig. 3 . Role of TGF-β signaling in infarct healing and post-infarction remodeling. Myocardial infarction triggers an inflammatory reaction that ultimately results in formation of a scar. Infarct healing is associated with alterations in the geometric characteristics of the ventricle, dilation and hypertrophy; these changes are termed "ventricular remodeling". In the early phases of infarct healing TGF-β may be important in resolution of the inflammatory response by deactivating macrophages and by suppressing endothelial cell chemokine and cytokine synthesis. At a later stage, TGF-β activates fibrogenic pathways by inducing extracellular matrix deposition and may contribute to the pathogenesis of left ventricular remodeling by promoting fibrosis and hypertrophy of the non-infarcted myocardium.
protected from the development of cardiac hypertrophy in response to subpressor doses of Angiotensin II [71] . These findings indicated that TGF-β1 acts downstream of Angiotensin II promoting cardiomyocyte growth in the heart (Fig. 4) .
Limited information is available on the signaling pathways responsible for the TGF-β-mediated hypertrophic response. A recent study demonstrated that cardiac hypertrophy due to aortic banding is associated with TAK1 activation. Constitutively activated TAK1 in the adult mouse heart mimicked hypertrophic TGF-β responses resulting in cardiomyocyte hypertrophy, interstitial fibrosis, "fetal" cardiac gene induction and early demise [79] . Although these experiments suggest that TAK1 activation is sufficient to provoke hypertrophy and heart failure in the mouse myocardium, direct proof of the role of this pathway in TGF-β mediated hypertrophic response is lacking.
The role of TGF-β in fibrotic remodeling of the cardiomyopathic ventricle
Development of interstitial fibrosis plays an important role in the pathobiology of cardiomyopathy and contributes to diastolic and systolic dysfunction by increasing both passive and active stiffness of the ventricle [80] . In addition, fibrotic remodeling impairs anisotropic conduction allowing the generation of re-entry circuits and promoting arrhythmias [81] . Marked fibrosis is noted in the hypertrophied heart, as well as in hearts with dilated cardiomyopathy [82] . Furthermore, extensive deposition of interstitial collagen in the absence of a completed infarction is often found in dysfunctional myocardial segments from patients with ischemic cardiomyopathy [83] and correlates inversely with contractile reserve [84] . TGF-β may play an important role in fibrotic remodeling of the cardiomyopathic ventricle by modulating fibroblast phenotype and gene expression and by promoting extracellular matrix deposition through upregulation of TIMP synthesis. We have recently demonstrated that in patients with chronic ischemic cardiomyopathy, dysfunctional myocardial segments with recovery of function following surgical revascularization had increased inflammatory leukocyte recruitment and MCP-1 expression, compared with irreversibly dysfunctional segments [85] . In contrast, myocardial segments with persistent dysfunction exhibited established interstitial fibrosis [83] . These findings suggest that chronic ischemic cardiomyopathy is a continuous process. At an early stage induction of inflammatory mediators by brief ischemic insults that do not result in cardiomyocyte necrosis leads to recruitment of leukocytes in the myocardium. Acute inflammation may activate endogenous inhibitory factors, such as TGF-β, which may suppress the inflammatory process, but may also stimulate extracellular matrix protein expression, leading to fibrous tissue deposition and irreversible dysfunction.
TGF-β as a therapeutic target in the infarcted and remodeling heart
Experimental studies suggest that the effects of anti-TGF-β strategies are dependent on the timing of the intervention [61, 86] . Anti-TGF-β gene therapy within 24 h following infarction enhanced cytokine and chemokine synthesis and increased neutrophil infiltration resulting in exacerbated left ventricular dysfunction and increased mortality [56] . In contrast, late TGF-β inhibition attenuated cardiac hypertrophy and decreased interstitial fibrosis in the remodeling heart reducing left ventricular dilatation and dysfunction. Thus TGF-β inhibition during the inflammatory phase of infarct healing is detrimental and results in an exacerbated and prolonged local inflammatory response. Late TGF-β inhibition, on the other hand, does not interfere with the mechanisms that mediate resolution of the inflammatory infiltrate and has beneficial actions through attenuation of fibrotic and hypertrophic remodeling. Although this view is somewhat oversimplified, it can serve as an initial guide to frame future studies exploring the mechanistic basis of the TGF-β mediated effects in the healing infarct. Several important questions need to be answered: a) What are the effects of TGF-β on various cell types involved in infarct healing and how do these effects influence the remodeling process? All cell types involved in healing of myocardial infarcts express TGF-β receptors and respond to TGF-β stimulation. Generation of mutant mice with selective disruption of the TGF-β response in specific cell types may provide important information on the mechanisms of TGF-β mediated effects in healing infarcts. Understanding the in vivo significance of the actions of TGF-β on specific cell types may allow us to predict the consequences of TGF-β inhibition in patients with myocardial infarction. b) What are the signaling mechanisms responsible for the TGF-β mediated effects in healing infarcts? In the healing infarct, the anti-inflammatory and profibrotic actions of TGF-β may involve activation of distinct signaling pathways. Dissecting the signaling pathways responsible for distinct TGF-β mediated effects in the infarcted myocardium is important in order to design strategies selectively targeting specific responses. Agents that target specific pathways downstream of the TGF-β receptor are more likely to have the desired effects while avoiding unwanted complications [87] . Recently, several agents targeting Smad-dependent and Smadindependent pathways have been developed. Halofuginone, a low molecular weight plant alkaloid that inhibits Smad3 activation and rapidly enhances Smad7 expression, has potent antifibrotic properties [88] . In addition, the c-abl kinase inhibitor imatinib ameliorates renal [89] and pulmonary [90] fibrosis by interfering with a Smadindependent TGF-β signaling pathway. Understanding the role of Smad-dependent and Smad-independent signaling in infarct healing may allow us to predict the consequences of various approaches targeting the TGF-β signaling cascade in patients with myocardial infarction. c) Does TGF-β have disparate effects on infarct healing and left ventricular remodeling? TGF-β may play distinct roles in regulating events involved in infarct healing and left ventricular remodeling. Activation of TGF-β signaling pathways in the infarct may be crucial for the formation and maintenance of a collagenous scar, increasing tensile strength and preventing left ventricular dilation [91] . In contrast, TGF-β-mediated effects in the non-infarcted remodeling myocardium may result in inappropriate fibrosis and dysfunction. Thus, the consequences of TGF-β inhibition during the fibrotic phase of infarct healing may depend on the topographic localization of the inhibitory agent. d) What are the mechanisms responsible for TGF-β activation? Although TGF-β activation plays a crucial role in the biology of TGF-β, little is known on the mechanisms of TGF-β activation in the infarcted heart. TSP-1 appears to be critically involved in mediating TGF-β activation in the infarct border zone. However, the significance of other TGF-β activating mechanisms such as proteases, integrins, and free radical generation remains unknown. The contribution of the various TGF-β activating factors may depend on their spatial distribution and the time course of their expression. Thus, TSP-1 may be important for TGF-β activation in the infarct border zone, whereas free radical generation may play a more limited role in activating readily available TGF-β stores immediately after injury. e) What is the role of specific TGF-β isoforms in infarct healing and cardiac remodeling? The differential expression of TGF-β1, β2 and β3 in the healing infarct may indicate distinct roles of the TGF-β isoforms in the infarcted heart. TGF-β1 is the most abundant isoform, the predominant isoform secreted by macrophages and fibroblasts, and the only isoform found in human platelets. Cutaneous wounds treated with either TGF-β1 or with TGF-β2 had increased extracellular matrix deposition in the early stages of wound healing. In contrast, application of TGF-β3 decreased monocyte recruitment and extracellular matrix deposition in healing wounds [93] and reduced scarring. Investigations exploring the role of specific TGF-β isoforms in infarct healing have not been performed. f) What is the role of TGF-β signaling in high-risk populations, such as the diabetics and the elderly? Evidence suggests that aging and diabetes significantly alter the cellular responses to TGF-β. Senescent animals with ischemic dermal ulcers [94] , and diabetic rats with incisional wounds [95] exhibit impaired responses to TGF-β stimulation. Furthermore, dermal fibroblasts from senescent subjects show diminished expression of TGF-β receptors and blunted responsiveness to growth factors and fibrogenic substances [96] . The relevance of these findings in healing myocardial infarcts is unknown. Understanding the role of TGF-β signaling in elderly and diabetic patients with myocardial infarction is important in order to design optimal therapeutic strategies for these high-risk groups.
Conclusions
TGF-β is induced and activated in healing infarcts and, through its pleiotropic and multifunctional effects may regulate a wide range of cellular responses critical to cardiac repair. Unfortunately, the complex and often contradictory biological properties of TGF-β have hampered understanding of its role in infarct healing and cardiac remodeling, TGF-β may be involved in recruitment of mononuclear cells, repression of inflammatory gene synthesis, resolution of the inflammatory infiltrate, deposition of fibrous tissue and neovessel formation following myocardial infarction playing a crucial role in orchestrating the post-infarction inflammatory response. Understanding the timing, localization and signaling mechanisms responsible for TGF-β mediated effects is important in order to design novel therapeutic strategies targeting the TGF-β signaling cascade in the infarcted and remodeling heart.
